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Abstract. We used 363 blood samples collected from wild canvasback ducks (Aythya valisineria) 
at Catahoula Lake, Louisiana, U.S.A. to evaluate the effect of sample storage time on the efficacy 
of erythrocytic protoporphyrin as an indicator of lead exposure. The protoporphyrin concentration 
of each sample was determined by hematofluorometry within 5 min of blood collection and after 
refrigeration at 4 “C for 24 and 48 h. All samples were analyzed for lead by atomic absorption 
spectrophotometry. Based on a blood lead concentration of 2 0.2 ppm wet weight as positive evidence 
for lead exposure, the protoporphyrin technique resulted in overall error rates of 29%, 20%, and 19% 
and false negative error rates of 47%, 29% and 25% when hematofluorometric determinations were 
made on blood at 5 min, 24 h, and 48 h, respectively. False positive error rates were less than 10% 
for all three measurement times. The accuracy of the 24-h erythrocytic protoporphyrin classification 
of blood samples as positive or negative for lead exposure was significantly greater than the 5-min 
classification, but no improvement in accuracy was gained when samples were tested at 48 h. The 
false negative errors were probably due, at least in part, to the lag time between lead exposure and 
the increase of blood protoporphyrin concentrations. False negatives resulted in an underestimation 
of the true number of canvasbacks exposed to lead, indicating that hematofluorometry provides a 
conservative estimate of lead exposure. 

1. Introduction 

Ingested lead shot has long been recognized as a source of lead poisoning in water- 
fowl (Bellrose, 1959; Sanderson and Bellrose, 1986) and has also been reported in 
a variety of other avian species (Locke and Friend, 1992). Nontoxic shot require- 
ments for waterfowl hunting were implemented throughout the United States in 
199 1 (Anderson, 1992). However, ingestion of lead shot remains a problem at some 
sites where shot densities are high and characteristics of wetland sediments impede 
settlement or burial of shot (Hohman et al., 1995; Mauser et al., 1990; Sanderson 
and bellrose, 1986; U.S. Department of Interior, 1986). Poisoning by lead from oth- 
er sources, including fishing weights (Pokras and Chafel, 1992; Birkhead, 1982; 
Locke et al., 1982), bullet fragments (MacDonald et al., 1983), paint chips (Sileo 
and Fefer, 1987), and mining wastes (Blus et al., 1991; Chupp and Dalke, 1964) 
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has also been reported in waterfowl and other avian species. Lead exposure from 
atmospheric or other environmental contamination occurs in birds near smelters 
and highways (Beyer et al., 1985; Henny et al., 1994; Grue et al., 1986), in cities 
(Hutton, 1980), and in industrialized areas (Bull et al., 1983). 

The persistence of lead as a hazard to wildlife in a variety of situations results 
in the continued need of techniques for monitoring exposure and assessing the 
magnitude of injury. Of the nondestructive techniques available for evaluating lead 
exposure in avian populations, including analysis of blood for lead and delta- 
aminolevulinic dehydratase (ALAD) activity (Dieter et al., 1976; Friend, 1985; 
Hoffman et al., 1985; Beyer et al., 1988), the quantitative determination of ery- 
throcytic protoporphyrin (EPP) by hematofluorometry (Roscoe et al., 1979) has 
several advantages. Minimal equipment and supplies are needed, testing can be 
done under field conditions with an electrical power source, only a small blood 
sample is required, and the assay cost is quite low. 

. 

Roscoe et al. (1979) found that EPP concentrations were rarely elevated in blood 
freshly drawn from lead-poisoned mallard ducks (Anus phyrhynchos). However, 
when blood samples were oxygenated and refrigerated the protoporphyrin concen- 
trations increased until the second day and then remained relatively constant for at 
least seven more days (Roscoe et al., 1979). This was attributed to in vitro synthesis 
of protoporphyrin and the authors recommended that blood samples be refrigerated 
for 48 h before testing. Refrigerated storage of blood for 48 h is often inconvenient 
or impossible in field situations, particularly if live birds must be held while lead 
exposure is evaluated. If storage time could be reduced, the EPP technique would 
be logistically simpler and more easily applied. 

Sediments of Catahoula Lake, Louisiana, contain high densities of spent lead 
shot (Wills and Glasgow, 1964) and about 27% of canvasbacks (Aythya valisine- 
riu) collected there during the winter of 1987-1988 had lead shot in their giz- 
zards (Hohman et al., 1990) providing a field situation with a ready source of 
lead-exposed birds. In conjunction with a study of winter survival of immature 
canvasbacks at Catahoula Lake (Hohman et al., 1995), we evaluated the effect of 
blood sample storage time on the efficacy of EPP determination for predicting lead 

exposure. 

2. Methods 

Canvasbacks wintering at Catahoula Lake in 199 l-92,1992-93, and 1993-94 were 
captured for the purpose of implanting radio transmitters as described by Hohman 
et al. (1995). Blood samples of 2 ml each were collected from 363 birds by 
jugular venipuncture into sodium heparinized evacuated glass tubes (Vacutainerm , 

Becton-Dickinson and Company. Rutherford, New Jersey) that were immediately 
placed on a rotating mixer for about 5 min. The stopper was removed from the 
Vacutainer@ and a drop of blood was collected in a glass capillary tube and 
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delivered to a glass coverslip for EPP determination with a hematofluormeter 
(AVIV@ Biomedical, Incorporated, Lakewood, New Jersey) modified according to 
Roscoe et al. (1979). After this initial EPP measurement, the stoppers were replaced 
and Vacutainers@ were refrigerated at 4 “C. Two additional EPP measurements 
were taken as above, at 24 h (* 15 min) and 48 h (* 15 min) after the initial 
reading. After the last EPP measurements, blood samples were frozen at -18 “C 
until analyzed for lead by graphite furnace atomic absorption spectrophotometry 
as described by DeStefano et al. (199 1). The lower limit of detectable lead residue 
was 0.02 ppm wet weight, and the average recovery of lead from six control 
samples of known concentrations was 99.8%. An estimate of analytical precision 
(Taylor, 1987) for this method was made using duplicate analysis of 123 mallard 
blood samples; 71 had lead concentrations within the range of 0.04 to 0.2 ppm wet 
weight, and 52 had lead concentrations >_ 0.2 ppm. The 95% confidence intervals 
for blood lead concentrations of 0.04 to 0.2 ppm and > 0.2 ppm were f 12.0% and 
f 6.1%, respectively. 

Blood samples with lead concentrations of 2 0.2 ppm wet weight were classified 
as possitive for lead exposure. Dieter et al. (1976) reported that 0.2 ppm lead in the 
blood of canvasbacks resulted in a 75% inhibition of ALAD activity and suggested 
that this level was the lower threshold indicative of harmful lead exposure in this 
species. Samples with < 0.2 ppm lead were considered evidence of normal back- 
ground exposure. Knowing the blood lead concentrations, we sought to determine 
the EPP concentrations indicative of the positive and negative populations. We 
compared blood lead results with the 5-min EPP reading and, using discriminant 
analysis (SAXSTAT User’s Guide, 1990), determined the EPP concentration that 
best separated the positive and negative populations. This was repeated for the 
24 h and 48 h EPP measurements. The positive EPP population was additive in 
that all EPP values that fell within the positive range at a given time period were 
automatically classified positive at each later time period. Samples with EPP values 
in the negative range, however, were re-examined at each later time period. For 
example, the EPP concentration of a blood sample that was classified within the 
negative range at the 5-min measurement was re-examined at the 24 h measurement 
to determine if its value had increased enough to then fall in the positive range. If 
it was positive at 24 h it was considered positive at 48 h; if it was negative at 24 
h, it was evaluated again at 48 h. We used McNemar’s test (Zar, 1984) to compare 
the accuracy of the EPP classifications as the sample holding time increased from 
5 min to 24 and 48 h. 

3. Results 

Of the 363 blood samples, 216 (60%) had lead concentrations 2 0.2 ppm wet weight 
and were classified as positive for lead exposure (Figure 1). At all three measure- 
ment times, mean EPP concentrations were several times higher for blood samples 
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Figure 1. Distribution of lead concentrations in 363 blood samples from canvasbacks at Catahoula 
Lake, Louisiana. 

Table I 

Mean (& SD [range]) protoporphyrin concentrations (,&dl) of blood samples 
collected from canvasbacks with lead concentrations 2 0.2 ppm (positive) and 
< 0.2 ppm (negative) read within 5 min (initial) of blood collection and after 
refrigeration at 4 “C for 24 and 48 h. 

Lead 

exposure N Initial 

Holding time 

24 h 48 h 

Positive 216 25 f 29 (4-134) 78 f 59 (7-172) 83 f 58 (7-174) 

Negative 147 7 f 2 (5-20) 15 f 7 (7-81) 17 f 8 (8-83) 

that were positive for lead exposure than for those classified as negative (Table I). 
However, the EPP concentrations and variation increased after refrigeration in both 
the lead-exposed and nonexposed groups, particularly between the 5-min and 24 h 
readings (Table I). The EPP concentrations, obtained by discriminant classification 
criteria, that best separated the positive and negative blood lead populations were 
10.5 pg/dl EPP at 5 min 24.5 pg/dl at 24 h, and 27.5 pg/dl at 48 h (Table II). The 
use of these EPP values to predict lead exposure resulted in false positive classi- 
fication rates of 3%, 7%, and 9% and false negative classification rates of 47%, 



STORAGE TIME AND PROTOPORPHYRIN AS A BIOMARKER 185 

Table II 

Canvasback blood lead concentrations in comparison to blood protoporphyrin concentrations deter- 
mined within 5 min of blood collection (initial) and after refrigeration at 4 “C for 24 and 48 h. 

Blood Protoporphyrin” 

Blood Initial 24 h 48 h 

leadb > 10.5 < 10.5 ErrorC 124.5 < 24.5 Error 2 27.5 < 27.5 Error 

10.2 114 102 47 154 62 29 161 55 25 

< 0.2 5 142 3 11 136 7 13 134 9 

a,ugldl. 
bppm wet weight: 1 0.2 = positive for lead exposure; < 0.2 = negative. 
‘% samples incorrectly classified by hematofluorometry. 

Table III 

Comparison of true rates of lead exposure in canvasbacks (blood 
lead 2 0.2 ppm, wet weight) with rates estimated by initial (< 5 
min after blood collection), 24 h, and 48 h protoporphyrin deter- 
minations 

Protoporphyrin classification 

Initial Initial + 24 h Initial + 24 h + 48 h 

No. correct 256 290” 295b 

No. incorrect 107 73 68 

% error 29 20 19 

a McNemar’s test indicates significant difference from initial value 
(Z= 5.31, P < 0.001). 
b McNemar’s test indicates no difference from initial + 24 h value 
(Z = 1.67, P = 0.10). 

29%, and 25% at the Smin, 24 h, and 48 h readings, respectively (Table II). The 
accuracy of the 24 h EPP classification of blood samples as positive or negative for 
lead exposure was significantly greater than the initial 5-min classification, but no 
improvement in accuracy was gained when samples were held for 48 h (Table III). 
The overall rates of error (false positive + false negatives/363) for the 5-min, 24 h, 
and 48 h EPP measurements were 29%, 20%, and 19%, respectively (Table III). 

4. Discussion 

In human medicine, hematofluorometric determination of zinc protoporphyrin is 
a well-establishd screening technique for lead exposure (Piomelli, 1987; Lamola 
et al., 1975; Mushak, 1992). Screening for lead exposure in birds is based on 
similar principles, although modifications to the hematofluorometer are required 
because metal-free protoporphyrin is measured and current methods recommend 
refrigeration of samples for 48 h to allow for in vitro synthesis of EPP (Roscoe 
et al., 1979). This technique for EPP determination has been used in a variety of 
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avian species to evaluate lead exposure in field and experimental studies, often in 
conjunction with other indicators (Henny et al., 1994; Blus et al., 1991; Beyer et 
al., 1988; Franson et al., 1986; Roscoe et al., 1979). 

Using data collected from lead-dosed mallards, Roscoe et al. (1979) recom- 
mended that blood samples for hematofluorometry be held for 48 h before testing 
to allow for maximum in vitro synthesis of protoporphyrin. However, we found 
no significant difference in the accuracy of the EPP technique for predicting lead 
exposure of canvasbacks between blood samples that were held for 24 h and those 
held for 48 h. Because of potential variation between hematofluorometers, the effect 
of storage time and the selection of threshold EPP values separating positive and 
negative populations should be verified with each instrument. However, we have 
no reason to suspect that blood of other birds with similar rates of lead exposure 
would react differently. 

Screening birds for protoporphyrin concentrations, using hematofluorometry, 
is a simple, rapid, and inexpensive technique. However, factors that affect the 
accuracy of hematofluorometry for predicting exposure rates include the precision 
of the lead analytical technique and the true rate of lead exposure. Analytical 
precision is of the most significance when a high proportion of the blood samples 
have lead concentrations near the 0.2 ppm level, providing more opportunities 
for errors in lead determination. Less than one-third of the canvasback samples 
we collected had blood lead values between 0.10 ppm and 0.75 ppm wet weight 
(Figure 1) and our 95% confidence intervals for values around 0.2 ppm were 6 to 
12%, suggesting that the error contributed by analytical precision was probably 
relatively low. 

Insofar as the true rate of lead exposure affects the accuracy of hematofluo- 
rometry, we found that in a population where 60% of the blood samples had lead 
concentrations of 2 0.2 ppm wet weight, the protoporphyrin technique resulted in 
a false negative error rate (or underestimation of lead exposure) of 29% in samples 
held for 24 h before analysis. The false negatives we observed were probably due 
largely to the fact that, in ducks, the increase in blood protoporphyrin concentra- 
tions lags behind that of blood lead concentrations following lead shot exposure. In 
lead shot dosing studies, peak protoporphyrin concentrations lagged behind peak 
blood lead concentrations by three to six days (Roscoe et al., 1979; Franson et al., 
1986). One may expect a lower rate of false negatives, in populations with lower 
prevalences of lead exposure, simply because the proportion of birds with elevated 
blood lead will be lower. The frequency of false positives in our study was less than 
lo%, indicating that when EPP is used to select blood samples for lead analysis 
from populations with high rates of exposure, one can expect a high probability 
that blood lead concentrations will indeed be elevated. 
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